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Introduction {#sec001}
============

It is usually assumed that plants need to maintain a certain level of homeostasis between mineral nutrients. As a consequence, plants must constantly acquire nutrients from soil solution by a complex network of root specific transporters whose expression is usually up-regulated during deficiency (See \[[@pone.0166910.ref001]\] for N, \[[@pone.0166910.ref002]\] for K, \[[@pone.0166910.ref003]\] for S). However, some nutrients might compete for the active site of non-specific transporters \[[@pone.0166910.ref004]\]. For example, non-selective cation uptake systems that are able to transport both Na^+^ and K^+^ have been identified in plant root cells, such as HKT1 (a high affinity K^+^ transporter), LCT1 (a low-affinity cation transporter) or NSC (non-selective cation channels) \[[@pone.0166910.ref005]\]. As a consequence, at higher levels of Na^+^, plants will take up Na^+^ instead of K^+^ \[[@pone.0166910.ref004]\]. Another case of interactions between competitive ions present in the rhizosphere concerns sulfate (SO~4~^2-^), molybdate (MoO~4~^2-^), selenate (SeO~4~^2-^) and tungstate (WO~4~^2-^) \[[@pone.0166910.ref006], [@pone.0166910.ref007]\]. Molybdate uptake has long been assumed to occur through the sulfate transporters \[[@pone.0166910.ref007], [@pone.0166910.ref008]\]. Indeed, these two anions are chemical analogs and both possess a double negative charge, a tetrahedral structure, a similar size, and hydrogen-bonding properties \[[@pone.0166910.ref009], [@pone.0166910.ref010]\] and therefore may compete for the binding site of the same transporters \[[@pone.0166910.ref011]\].

The sulfate transporter family consists of 12 genes in *Arabidopsis* that can be subdivided into four groups according to sequence similarities (for review see \[[@pone.0166910.ref003], [@pone.0166910.ref012]\]). The members of the first group, showing a high-affinity for sulfate, are assumed to be principally responsible for primary root uptake. The members of the second group are localized in the root and shoot tissues and are considered as low-affinity sulfate transporters responsible for translocation of sulfate between roots and shoots. The transporters of the third group are localized in plastid envelopes and seem to be responsible for the import of sulfate into the organelles, but have also other specialized functions, e.g. during *Rhizobia* symbiosis in *Lotus japonicus* \[[@pone.0166910.ref013]\]. Transporters of group four are localized in the tonoplast and are assumed to be responsible for the efflux of sulfate from the vacuoles into the cytoplasm \[[@pone.0166910.ref012]\]. According to Kataoka *et al*. \[[@pone.0166910.ref014]\], *AtSultr4*.*1* plays a major role in vacuolar efflux of sulphate while *AtSultr4*.*2* could have a supplementary function. A fifth group comprising two isoforms in *Arabidopsis* (*AtSultr5*.*1* and *AtSultr5*.*2*) has been initially annotated as sulfate transporters but their sequences are considerably shorter, around 450 amino acids, compared to nearly 650 amino acids for the other groups \[[@pone.0166910.ref003]\] and they do not include the sulfate transporter anti-sigma domain (STAS), which is critical in the transport of sulfate and the stability of transporters \[[@pone.0166910.ref015]\]. Thus, this latest group is different enough to be considered as an independent family (less than 13% identity with other groups) \[[@pone.0166910.ref015]\], and indeed, another function has been proposed (see below). Most sulfate transporters (for example *Sultr1*.*1*, *Sultr1*.*2*, *Sultr2*.*1*, *Sultr4*.*1* and *Sultr4*.*2*) are strongly up-regulated by S deficiency through increased gene expression as demonstrated in numerous plant species \[[@pone.0166910.ref006], [@pone.0166910.ref016], [@pone.0166910.ref017], [@pone.0166910.ref018], [@pone.0166910.ref019]\]. Fitzpatrick *et al*. \[[@pone.0166910.ref020]\] found that uptake of molybdate in *Stylosanthes hamata* can be achieved by SHST1, a high--affinity sulfate transporter from group 1. Molybdate uptake was not reduced when challenged with a competitive anion such as sulfate, whereas the sulfate uptake *via* SHST1 was reduced in presence of molybdate \[[@pone.0166910.ref020]\]. The transporter from group 5, previously annotated SULTR5.2, was then identified as the first molybdate transporter in *Chlamydomonas reinhardtii* \[[@pone.0166910.ref021]\] and *Arabidopsis* \[[@pone.0166910.ref010], [@pone.0166910.ref022], [@pone.0166910.ref023]\] and was therefore renamed MOT1. However, the localization and the involvement of MOT1 in the uptake of molybdate remain unclear. Indeed, Tomatsu *et al*. \[[@pone.0166910.ref022]\], using BY2 cells of *Nicotiana tabacum* L. expressing MOT1 fused to GFP under control of the cauliflower mosaic virus 35S RNA promoter, suggested the localization of MOT1 in plasma membranes and endomembrane presumably in the secretory and/or endocytic pathways. Baxter *et al*. \[[@pone.0166910.ref023]\] established its localization in the mitochondria from the analysis of N-terminal mitochondrial targeting sequence further confirmed by the expression of MOT1 tagged with GFP in protoplasts and transgenic *Arabidospis*. A second molybdate transporter, MOT2 (previously named SULTR5.1) was then described in *Arabidopsis* as being involved in molybdate export from vacuole to cytosol, especially during translocation of molybdate into maturing seeds \[[@pone.0166910.ref010], [@pone.0166910.ref024]\]. Another molybdate transporter also named CrMOT2 has been described in *Chlamydomonas reinhardtii* \[[@pone.0166910.ref025]\] but it is different from its namesake described previously. The knockdown expression of this *CrMot2* gene leads to a reduction of molybdate uptake proportional to the decrease in its transcript level \[[@pone.0166910.ref025]\]. More recently, a homolog of *CrMot2*, (named *Asy* for Abnormal Shoot in Youth) has been reported in higher plants \[[@pone.0166910.ref026]\]. Its localization in the plasma membrane together with the severe phenotypes in *asy* mutants supplied with sufficient Mo suggest that the ASY transporter is crucial for molybdate uptake \[[@pone.0166910.ref026]\].

Balik *et al*. \[[@pone.0166910.ref027]\] have demonstrated an antagonistic relationship between the sulfate and molybdate uptake by plants. Previous studies in *Brassica napus* \[[@pone.0166910.ref027]\] and *Brassica juncea* \[[@pone.0166910.ref007]\] showed an accumulation of Mo in response to S limitation. These authors suggested that molybdate binds to the active sites of the root sulfate transporters, which was favoured by the lack of competition with sulfate. Moreover, Shinmachi *et al*. \[[@pone.0166910.ref006]\] showed under field conditions that a significant accumulation of Mo in *Triticum aestivum* plants with low S fertilization was concomitant with the increased expression of root sulfate transporters. It has also been shown that mineral S application leads to a significant decrease in Mo concentration and uptake in *B*. *juncea* \[[@pone.0166910.ref007], [@pone.0166910.ref028]\] and *Brassica oleracea* \[[@pone.0166910.ref029]\] or that the absence of sulfate in nutrient medium causes a significant accumulation of Mo in *Solanum lycopersicum* \[[@pone.0166910.ref011]\]. Considering the effects of S deficiency on the Mo accumulation previously described, it could be hypothesized that the leaf \[Mo\]:\[S\] ratio might serve as an indicator of S nutrition to predict S deficiency. For S-demanding crops such as oilseed rape, S deficiency provokes multiple plant physiological changes leading to losses in yield and seed quality through modified lipid and protein composition of seeds \[[@pone.0166910.ref030], [@pone.0166910.ref031], [@pone.0166910.ref032], [@pone.0166910.ref033], [@pone.0166910.ref034]\]. It has already been suggested that the analysis of plants rather than soil via total S, SO~4~^2-^ or N:S, malate:sulfate or (\[Cl^-^\]+\[NO~3~^-^\]+\[PO~4~^3-^\]):\[SO~4~^2-^\] ratios could be used to detect plant S requirements (for review see \[[@pone.0166910.ref035], [@pone.0166910.ref036]\] but these parameters are affected by growth stage and growth rates or need laboratory analyses, making them unreliable as diagnostic indicators \[[@pone.0166910.ref035], [@pone.0166910.ref037]\]. It is therefore essential to find an accurate indicator of plant S status that is suitable as a reliable and relevant diagnostic tool under field conditions in order to evaluate the S requirements of *B*. *napus* and other important cultivated species in the context of the high risk of S deficiency.

The main objectives of this work were to study the interaction effects between S and Mo uptake and accumulation in oilseed rape. The first objective was to confirm that Mo accumulation occurred during S deprivation in oilseed rape under controlled conditions, with a precise kinetic description of Mo uptake together with the transcript levels of genes encoding sulfate and molybdate transporters. Additionally, the putative molybdate uptake by sulfate transporters was assessed in *atsultr1;1and atsultr1;2 Arabidopsis* mutants grown under S deficiency. The second objective was then to investigate how the \[Mo\]:\[S\] ratio in leaves of oilseed rape grown under field conditions was affected by S and N fertilization, and consequently if it constitutes a relevant early indicator to predict the risk of S deficiency at a larger scale. Finally, the last objective was to test the functionality of the \[Mo\]:\[S\] ratio as an indicator of S deficiency in other cultivated species such as *B*. *oleracea*, *T*. *aestivum*, *Zea mays*, *Pisum sativum* and *Solanum lycopersicum* grown under controlled conditions.

Materials and Methods {#sec002}
=====================

Hydroponic experiments and tissue sampling {#sec003}
------------------------------------------

Seeds of *B*. *napus* L. var. Boheme were germinated on perlite over demineralized water for seven days in the dark and then five days under natural light. Just after the first leaf emergence, seedlings were transferred to hydroponic conditions (18 seedlings per 20 L-plastic tank) in a greenhouse, between October and December, with a thermoperiod of 20°C (day) and 15°C (night). Natural light was supplemented with high-pressure sodium lamps (Master Greenpower T400W, Philips, Amsterdam, Netherlands) (350 μmol m^-2^ s^-1^ of photosynthetically active radiation at the canopy height) for 16 h. The aerated nutrient solution contained: 3.75 mM KNO~3~, 0.5 mM MgSO~4~, 0.5 mM CaCl~2~, 0.25 mM KH~2~PO~4~, 0.2 mM EDTA-2NaFe, 14 μM H~3~BO~3~, 5 μM MnSO~4~, 3 μM ZnSO~4~, 0.7 μM CuSO~4~, 0.7 μM (NH~4~)~6~Mo~7~O~24~, 0.1 μM CoCl~2~, 0.04 μM NiCl~2~ and buffered to pH 6.6 with 0.91 mM CaCO~3~. This solution was renewed according to the rate of NO~3~^-^ depletion monitored daily by using NO~3~^-^ test strips (Merck Millipore, Darmstadt, Germany) in order to maintain optimal nutrition conditions.

After 4 weeks of growth, plants were separated into two batches supplied with a modified nutrient solution chosen in order to achieve S deficiency and to maintain the same concentration of other nutrients: (i) control plants (+S) were grown with 508.7 μM SO~4~^2-^, (ii) S-deprived plants (-S) were grown with 8.7 μM SO~4~^2-^ ([S1 Table](#pone.0166910.s005){ref-type="supplementary-material"}). These nutrient solutions were also renewed according to NO~3~^-^ depletion by monitoring the NO~3~^-^ level in the tank (at the end of the experiment this was about every two days).

Four independent samples each consisting of four individual plants were harvested at day 0 and after 1, 2, 3, 7, 13, 21 and 28 days of treatment. Leaves present at the beginning of treatment applications (d0) were identified and marked, and these organs were referred to as "emerged leaves", while leaves appearing during treatments were harvested separately as "new emerging leaves". At each date of harvest, whole roots from control and depleted plants (-S) were also harvested. Thereafter, leaves, petioles and roots were frozen in liquid nitrogen and stored at -80°C for further analysis. It must be pointed out that roots were freeze dried without any prior rinsing and therefore the root analyses include whatever is bound outside the tissue as well as internal concentration of elements. An aliquot of each tissue was freeze-dried for dry weight (DW) determination and ground, using an oscillating grinder (MM400, Retsch, Haan, Germany), to fine powder for element analysis.

*Arabidopsis* plants (Col-0 as wild type, SALK_093256 as *sultr1*.*1* and *sel1-8* \[[@pone.0166910.ref038]\] as *sultr1*.*2*) were grown for 17 days weeks on vertical agarose plates with modified Long Ashton nutrient solution with full (0.75 mM) or limited (0.075 mM) sulfate in controlled environment room under a long day 16-h-light/8-h-dark cycle at constant temperature of 22°C, 60% relative humidity, and light intensity of 120 μE s^--1^m^--2^. The sel1-8 mutant has been isolated from a genetic screen on selenate tolerance using an EMS mutagenized Col-0 seeds and contains a point mutation in the coding sequence \[[@pone.0166910.ref038]\]

Field experiments and plant sampling {#sec004}
------------------------------------

### Study of different fertilization rates on an S deficient field {#sec005}

The experimental site was selected from a previous study \[[@pone.0166910.ref039]\] showing an S deficiency in *B*. *napus* L. grown in 2009. This field of 11.3 ha was located at Ondefontaine, France (48°59\'18.69\" N, 00°41\'56.70\" W). A winter oilseed rape crop (*B*. *napus* L., 95% cv DK Exstorm and 5% cv Alicia) was sown with a density of 35--40 plants m^-2^ on 27 august 2013. The previous crop was spring barley (*Hordeum vulgare* L.). Chemical analyses of the loam soil provided an S content of 220 mg kg^-1^ and a pH value of 6.4. Before crop establishment, organic fertilizer (40 m^3^ ha^-1^ of bovine manure) was applied to the whole field corresponding to 122 kg N ha^-1^ and 44 kg S ha^-1^. The field was separated into seven randomized plots fertilized with different doses of N and S mineral fertilizer. One plot was unfertilized. Other plots were fertilized on 27 February 2014 with three different doses of S fertilizer at 0, 12 and 36 kg S ha^-1^ with a combined fertilizer comprising ammonium and nitrate and sulfuric anhydride, 26% N and 36% SO~3~ and complemented with ammonium nitrate to obtain 65 kg N ha^-1^ on each plot. Then, on 27 March 2014, a second N fertilization with 60 kg N ha^-1^ (liquid N containing 50% urea, 25% ammonium and 25% nitrate) was applied to three plots, which thus received 125 kg N ha^-1^ after two fertilizer applications.

Five harvests were performed between January and July 2014: before fertilization (at the rosette stage and at the start of stem elongation (GS30), January 30^th^ 2014 and February 12^th^ 2014), 15 days after S fertilization (start of the visible bud stage (GS50), March 14^th^ 2014), 47 days after S fertilization (silique formation stage (GS70), April 15^th^ 2014) and finally after 60 days (silique formation stage (GS70), April 28^th^ 2014). Two batches of leaves comprising mature leaves (from the lower canopy) and young leaves (from the higher canopy), each of them consisting of three replicates of 20 leaves, were randomly collected from each plot. Leaves were freeze-dried for DW determination and ground, using an oscillating grinder (MM400, Retsch, Haan, Germany) to fine powder for further analysis.

### Study of 45 commercial crops before fertilization and flowering {#sec006}

Forty-five commercial crops of oilseed rape were selected in France according to different locations (given in [S1 Fig](#pone.0166910.s001){ref-type="supplementary-material"}), different agricultural practices (dose of fertilizers, previous crop, tillage), and under contrasting soil and climate conditions that may affect SO~4~^2-^ leaching and hence SO~4~^2-^ availability. The farmers, identified with the help of DATAGRI (Lyon, France), collaborated in the present study. Crops have been numbered arbitrarily, from 1' to 45'. Two batches of leaves comprising mature leaves (from the lower canopy) and young leaves (from the higher canopy), each of them consisting of 20 leaves, were randomly collected from each of the 45 fields in February 2014, just at the end of winter corresponding to the start of stem elongation (GS30) and before fertilization. Leaves were freeze-dried before laboratory processing.

Multispecies experiment under controlled conditions {#sec007}
---------------------------------------------------

In order to assess whether data obtained with *B*. *napus* could be extrapolated to other species, experiments using *B*. *oleracea*, *T*. *aestivum*, *Z*. *mays*, *S*. *lycopersicum* and *P*. *sativum* grown under controlled conditions were conducted under different culture conditions described in [S1 File](#pone.0166910.s004){ref-type="supplementary-material"} with optimal and sub-optimal S alimentation. Leaves were harvested and frozen immediately in liquid nitrogen and stored at -80°C until freeze-drying for further analysis.

Element analysis by mass spectrometry {#sec008}
-------------------------------------

For the analysis of total N and S contents, an aliquot of around 4 mg DW of each plant organ sample was placed in tin capsules for total N and S analysis in order to analyze between 60 and 80 μg N. The total N amounts and S amounts in plant samples were determined with a continuous flow isotope mass spectrometer (Nu Instruments, Wrexham, United Kingdom) linked to a C/N/S analyzer (EA3000, Euro Vector, Milan, Italy). The total N or S amount (N~tot~ or S~tot~) in a tissue "i" at a given time "t" was calculated as: $$N_{tot}~\left( {or~S_{tot}} \right) = \frac{\%~N_{i,t}\left( {or~S_{i,t}} \right) \times DW_{i,t}}{100}$$

B, Na, Mg, P, S, K, Ca, Mn, Fe, Ni, Cu, Zn and Mo in samples were quantified by High Resolution Inductively Coupled Plasma Mass Spectrometry (HR ICP-MS, Thermo Scientific, Element 2^™^, Bremen, Germany) with prior microwave acid sample digestion (Multiwave ECO, Anton Paar, les Ulis, France) using 800 μL of concentrated HNO~3~ (Thermo Fischer, Illkirch, France), 200 μL of H~2~O~2~ (SCP SCIENCE, Quebec, Canada) and 1mL of Milli-Q water for 40 mg DW, except for *Arabidopsis* for which only 20 mg DW were used. For the determination by HR ICP-MS, all the samples were spiked with two internal-standard solutions, gallium and rhodium (SCP SCIENCE, Quebec, Canada), for a final concentration of 10 and 2 μg.L^-1^, respectively, diluted to 50 ml with Milli-Q water to obtain solutions containing 2.0% (v/v) of nitric acid, then filtered on a 40 μm teflon filtration system (Courtage Analyses Services, Mont-Saint-Aignan, France). Quantification of each element was performed using external standard calibration curves. The quality of mineralization and analysis were checked using a certified reference material of *Citrus* leaves (CRM NCS ZC73018, Sylab, Metz, France). The amount of each element in each tissue was then calculated as previously explained for N and S.

Reverse transcription (RT) and q-PCR analysis {#sec009}
---------------------------------------------

Total RNA was extracted from 200 mg of root and leaf fresh matter as previously described \[[@pone.0166910.ref036]\]. For RT, 1 μg of total RNA was converted to cDNA with an iScript cDNA synthesis kit according to the manufacturer's protocol (Bio-Rad, Marne-la-Coquette, France). Q-PCR amplifications were performed using specific primers ([Table 1](#pone.0166910.t001){ref-type="table"}) for each housekeeping gene (*EF1-α* and *18S rRNA*) and target genes (*BnaSultr1*.*1*, *BnaSultr1*.*2*, *BnaASY*, *BnaMot1*). Q-PCRs were performed with 4 μl of 100x diluted cDNA, 500 nM of primers, and 1x SYBR Green PCR Master Mix (Bio--Rad, Marne--la--Coquette, France) in a real-time thermocycler (CFX96 Real Time System, Bio--Rad, Marne--la--Coquette, France). A program of three steps composed of an activation step at 95°C for 3 min and a denaturing step of 40 cycles at 95°C for 15 s followed by an annealing and an extending step at 60°C for 40 s was used for all pairs of primers ([Table 1](#pone.0166910.t001){ref-type="table"}). For each pair of primers, a threshold value and PCR efficiency was determined using a cDNA preparation diluted \>10-fold. For all pairs of primers, PCR efficiency was around 100%. The specificity of PCR amplification was examined by monitoring the presence of the single peak in the melting curves after q-PCRs and by sequencing the q-PCR product to confirm that the correct amplicon was produced from each pair of primers (Eurofins, Ebersberg, Germany). For each sample, the subsequent q-PCRs were performed in triplicate. The relative expression of the genes in each sample was compared with the control sample (corresponding to control plants at d0) and was determined with the delta delta Ct (ΔΔCt) method using the following equation: relative expression = 2^-ΔΔCt^, with ΔΔCt = ΔCt~sample~-ΔCt~control~ and with ΔCt = Ct~target\ gene~−Ct~housekeeping\ gene~ (for calculations, we considered the geometric mean between Ct of the housekeeping genes), where Ct refers to the threshold cycle determined for each gene in the exponential phase of PCR amplification. Using this analysis method, relative expression of the target gene in the control sample was equal to 1 \[[@pone.0166910.ref040]\], and the relative expression of other treatments was then compared with the control.

10.1371/journal.pone.0166910.t001

###### Accession number and Q-PCR primer sets.

*EF1-α* and *18S rRNA* were housekeeping genes used for relative gene expression by Q-PCR analysis.

![](pone.0166910.t001){#pone.0166910.t001g}

  Gene            Accession number   Forward                          Reverse
  --------------- ------------------ -------------------------------- -------------------------------
  *EF1-α*         DQ312264           5'-gcctggtatggttgtgacct-3'       5'-gaagttagcagcacccttgg-3'
  *18S rRNA*      X16077             5'-cggataaccgtagtaattctag-3'     5'-gtactcattccaattaccagac-3'
  *BnaSultr1.1*   AJ416460           5′-agatattgcgatcggaccag-3′       5′- gaaaacgccagcaaagaaag-3′
  *BnaSultr1.2*   AJ311388           5′-ggtgtagtcgctggaatggt-3′       5′-aacggagtgaggaagagcaa-3′
  *BnaAsy*        XM009145653        5′-tcacgctcatctcccaaagt -3′      5′-agtcctacacacgcctcaaa -3′
  *BnaMot1*       NM128127           5′-ctcgccaggatttggactta-3′       5′-agatccccaacacgaacaag-3′
  *AtSULTR1.1*    At4g08620          5'-cggccatctacttttccaac-3'       5'-gcattttcttgctcctctcg-3'
  *AtSULTR1.2*    At1g78000          5'-atccgttttcaaagcagctc-3'       5'-tcaagaatgatgcaccaatga-3'
  *AtSDI1*        At5g48850          5'-tccctgtggagacactcctt-3'       5'-ccatctccgggttcttctct-3'
  *AtAPR3*        At4g21990          5'-ccaatcaagtatccatcagagaag-3'   5'-ccgaacaagattcaagaaagatg-3'
  *AtUBQ10*       At4g05320          5'-ctgcgactcagggaatcttc-3'       5'-ttgtgccattgaattgaacc-3'

Expression analysis of *Arabidopsis* was performed as described previously \[[@pone.0166910.ref041]\] with RNA isolated from root material and using ubiquitin *UBQ10* for normalization (see [Table 1](#pone.0166910.t001){ref-type="table"} for primer sequences).

Statistical analysis {#sec010}
--------------------

For each measurement, hydroponic experiments on *B*. *napus* were conducted with four independent biological replicates constituted of four individual plants, except for q-PCR analysis, which was conducted with three biological replicates. Data are given as mean ± SE for n = 4 (or n = 3 for q-PCR data). All data of the hydroponic experiment were analyzed by Student's test (Excel software) and marked by one or several asterisks when significantly different between controls and S-deprived plants (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). Under field conditions, for the study of different fertilization rates on an S deficient field, three replicates corresponding to a pool of 20 leaves of 20 independent plants were collected. Data are given as mean ± SE for n = 3 and were analyzed by Student's test (Excel software) and marked by different letters when they were significantly different between treatments at a given date, at *P*\<0.05. All experiments on different species in controlled conditions were conducted with four independent biological replicates, except for *P*. *sativum* culture with three replicates. Data are reported as mean ± SE for n = 4 (or n = 3 for *P*. *sativum* data). All data of the multispecies experiment were analyzed by Student's test (Excel software) and marked by one or several asterisks when significantly different between controls and S-deprived plants (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001).

Results {#sec011}
=======

S deprivation reduced S, N, K, Ca, B and Na uptake but strongly increased Mo uptake {#sec012}
-----------------------------------------------------------------------------------

*B*. *napus* plant growth rates were similar for control and S-deprived plants until the 7^th^ day of S deprivation ([Fig 1](#pone.0166910.g001){ref-type="fig"}) and were then significantly reduced. For example, after 21 days, the biomass of S-deprived plants decreased by 29% compared to the biomass of control plants. To overcome the biomass reduction, a theoretical uptake by S-deprived plants was calculated for each nutrient ([Fig 2](#pone.0166910.g002){ref-type="fig"}) using the DW of control plants and the nutrient concentration measured in S-deprived plants. This theoretical uptake reflects the uptake expected by S-deprived plants if DW production was identical to control plants. As expected, after 21 days of S deprivation, no significant of S occurred. The uptake of some nutrients was reduced in line with the reduction in the growth rate or more strongly: for N (-8.7 ± 1.06%), K (-20.2 ± 0.88%), Ca (-22.0 ± 2.41%), Na (-23.4 ± 1.85%) and B (-52.9 ± 2.82%). Conversely, S deprivation strongly increased the uptake of Mo by 197.0 ± 10.73%. The uptake of P, Mg, Fe, Cu, Zn and Mn were not significantly affected by S deprivation.

![Change in whole plant biomass (g DW plant^-1^) of *B*. *napus* L. in control (+S, black line), and S-deprived (-S, dashed line) plants during the 28 days of the experiment.\
Data are given as the mean ± s.e. (n = 4). \*, \*\* and \*\*\* indicate significant difference between control and S-deprived plants for *P*\<0.05, *P*\<0.01 and *P*\<0.001, respectively.](pone.0166910.g001){#pone.0166910.g001}

![Changes in uptake of macro (N, P, K, S, Ca and Mg) and micronutrients (Fe, Cu, Zn, Mn, Mo, B and Na) in *B*. *napus* after 21 days of S deprivation.\
A theoretical uptake by S-deprived plants was calculated for each nutrient, which reflects the uptake expected by S-deprived plants if DW was identical to control plants. Change in nutrient uptake was calculated as the difference between S-deprived and control plants and expressed as % of uptake achieved by control plants. Data are given as the mean ± s.e. (n = 16). \*, \*\* and \*\*\* indicate significant differences between control and S-deprived plants for *P*\<0.05, *P*\<0.01 and *P*\<0.001, respectively.](pone.0166910.g002){#pone.0166910.g002}

S deprivation strongly and immediately increased uptake of Mo without induction of molybdate transporter genes {#sec013}
--------------------------------------------------------------------------------------------------------------

In S-deprived *B*. *napus*, plant S content ([Fig 3A](#pone.0166910.g003){ref-type="fig"}) remained at a nearly steady state level, revealing a lack of significant S uptake from potential trace amounts in the nutrient solution. In control plants, the plant S content steadily increased with time and was significantly higher than in S-deprived plants from 3 days of S deprivation. Plant Mo content ([Fig 3B](#pone.0166910.g003){ref-type="fig"}) increased with time in S-deprived plants, similar to control plants, but at a significantly greater rate; reaching after 28 days 15.43 and 6.93 mg Mo.plant^-1^ in S deprived and control plants, respectively. From the first day, the Mo content was significantly increased by 28% in S-deprived plants relative to control *i*.*e*. before a significant difference in S content that occurred after only 3 days. As a consequence, the \[Mo\]:\[S\] ratio at the whole plant level ([Fig 3C](#pone.0166910.g003){ref-type="fig"}) significantly increased as early as one day after S deprivation, and was increased from 0.0014 (day 0) to 0.45 after 28 days of S deprivation. In control plants, the \[Mo\]:\[S\] ratio remained constant as a function of time.

![(A) Cumulated S and (B) Mo contents (mg plant^-1^) in *B*. *napus* control (+S, black line) or S-deprived (-S, dashed line) plants. (C) Kinetic of the \[Mo\]:\[S\] ratio in *B*. *napus* from control (+S, black line) or S-deprived (-S, dashed line) plants. (D) Effect of S deprivation on relative expression of root transporters: *BnaSultr1*.*1*, *BnaSult2*.*1*, *BnaAsy* and *BnaMot1* genes expressed in % of control plants. The insert provides the correlation between Mo uptake and the relative expression of *BnaSultr1*.*1*. Data are given as the mean ± s.e. (n = 4 or n = 3 for q-PCR data). \*, \*\* and \*\*\* indicate significant differences between control and S-deprived plants for *P*\<0.05, *P*\<0.01 and *P*\<0.001, respectively.](pone.0166910.g003){#pone.0166910.g003}

The relative expression of genes encoding different molybdate (*BnaMot1* and *BnaAsy*) and sulfate (*BnaSultr1*.*1*and *BnaSultr1*.*2*) transporters was quantified in roots during the 28 days of treatment ([Fig 3D](#pone.0166910.g003){ref-type="fig"}). A very strong accumulation of *BnaSultr1*.*1* transcripts occurred during the first 7 days and remained at a steady state level between 7 and 21 days. The *BnaSultr1*.*2* transcript level was also significantly up-regulated, but to a lesser extent than *BnaSultr1*.*1* in response to S deprivation from the first day of treatment. In contrast, expression of genes encoding root molybdate transporters (BnaMOT1 and BnaASY) ([Fig 3D](#pone.0166910.g003){ref-type="fig"}) was not affected by S deprivation despite the strong increase in Mo uptake by S-deprived plants ([Fig 3B](#pone.0166910.g003){ref-type="fig"}). The relative expression of *BnaSultr1*.*1* appeared to be correlated with Mo uptake (polynomial order 2, R² = 0.98) during the 21 days of S deprivation (insert [Fig 3D](#pone.0166910.g003){ref-type="fig"}).

To test whether the increase in \[Mo\] is indeed caused by increased activity of sulfate transporters, we analysed *Arabidopsis thaliana* mutants in *Sultr1*.*1* and *Sultr1*.*2*. The wild type *Arabidopsis* (Col-0), when submitted to S deficiency strongly increased the transcript levels of *AtSultr1*.*1* and *Atsultr1*.*2* as well as those of marker genes for sulfate deficiency *AtSDI1* and *AtAPR3*, which encode for a sulfur responsive gene and an adenosine 5′-phosphosulfate reductase, respectively ([Table 2](#pone.0166910.t002){ref-type="table"}). At the same time, leaf S content was reduced by 55% and leaf Mo content was increased by 571%. In control conditions the *sultr1*.*1* mutant shows leaf S and Mo contents identical to wild type. In S deficient conditions, S (-56%) is decreased to the same degree as in Col-0. The increase in Mo (+433%) leads to similar Mo concentration as in wild type ([Table 2](#pone.0166910.t002){ref-type="table"}). Interestingly, *AtSultr1*.*2* was not up-regulated by S deficiency in this mutant despite similar S concentrations. In the *sultr1*.*2* mutant ([Table 2](#pone.0166910.t002){ref-type="table"}), leaf S content was lower than in Columbia ecotype under ample S supply and was further decreased by S deficiency (-27%), but only to levels found in the wild type. Molybdenum was lower compared to wild type in control conditions, similar to S, and accumulated (+729%) under S deficiency but reached a lower concentration than in wild type or in *sultr1*.*1* KO mutant. In the *sultr1*.*2* mutant the transcript levels of the four genes, *AtSultr1*.*1*, *AtSultr1*.*2*, *AtSDI1* and *AtAPR3* were higher than in wild type and *sultr1*.*1*, and were up-regulated by S deficiency ([Table 2](#pone.0166910.t002){ref-type="table"}). Interestingly, the ratio of \[Mo\] to \[S\] is identical in all three genotypes under control conditions, despite the differences in S content, but at S limiting conditions the ratio is higher in wild type than in both mutants. This suggests that both transporters contribute to Mo accumulation but are not the only and/or main drivers.

10.1371/journal.pone.0166910.t002

###### Effect of S deficiency on relative expression of genes: *AtSultr1*.*1*, *AtSultr2*.*1*, *AtSDI1* and *AtAPR3* in roots of *sultr1*.*1 and sultr1*.*2* mutants *of Arabidopsis thaliana* expressed relatively to wildtype Col-0 grown under sufficient S supply (Control).

![](pone.0166910.t002){#pone.0166910.t002g}

                                 *Arabidopsis* mutants                                                            
  ------------------------------ ----------------------- -------------- ------------- -------------- ------------ --------------
  ***AtSultr1*.*1***             1.0±0.20a               15.5±4.99b     0c            0c             13.8±0.23b   74.4±9.40d
  **AtSultr1.2**                 1.0±0.12a               3.2±0.61b      1.0±0.07a     1.8±1.06a      3.4±0.52b    4.4±0.53b
  ***AtSDI1***                   1.0±0.13a               41.9±14.31b    1.5±0.31a     81.6±37.03b    19.0±2.40b   167.2±16.59c
  ***AtAPR3***                   1.0±0.14a               3.6±0.53b      1.1±0.08a     4.3±0.19b      2.7±0.09a    5.0±0.11c
  **Leaf concentration**                                                                                          
  **S (mg.g**^**-1**^ **DW)**    11.8±0.44a              5.3±0.06b      12.7±0.27a    5.6±0.03b      6.9±0.09d    5.0±0.11b
  **Mo (ug.g**^**-1**^ **DW)**   28.7±1.22a              192.7±10.49b   31.9±0.55a    170.0±10.49b   16.3±0.33c   134.9±5.07d
  **\[Mo\]:\[S\].10**^**4**^     24.2±0.12a              365±5.7b       25.14±0.73a   304±18.0c      23.7±0.44a   270±7.4c

In the sultr1.2 mutant the transcript was present, because the gene is inactivated by a point mutation in coding sequence \[[@pone.0166910.ref038]\]. Leaf concentrations of S and Mo and the \[Mo\] to \[S\] ratios (i.e. \[Mo\]:\[S\] multiplied by 10^4^ for easier reading) are also given for the same plants. Values from the same line (i.e. between genotypes and S treatments for a given transcript or a nutrient concentration) are significantly different at P\<0.05 when marked by different letters. Data are given as the mean ± SE (n = 3 for PCR analysis, n = 4 for S and Mo analysis).

In leaves of S-deprived plants, Mo and S contents changed in opposite ways {#sec014}
--------------------------------------------------------------------------

Under hydroponic conditions, no matter which leaves were assayed (emerged leaves or new emerging leaves), the S content steadily increased with time in control plants ([Fig 4A and 4B](#pone.0166910.g004){ref-type="fig"}). Predictably and according to deprivation, in emerged leaves from S-deprived plants the S content significantly decreased as early as 2 days after S deprivation ([Fig 4A](#pone.0166910.g004){ref-type="fig"}). The S content decreased with the same pattern in new emerging leaves ([Fig 4B](#pone.0166910.g004){ref-type="fig"}). Molybdenum content steadily increased with time in the two groups of leaves of control plants but the accumulation of Mo was significantly and rapidly (from 1 day) increased by S deprivation and until the end of the experiment ([Fig 4C and 4D](#pone.0166910.g004){ref-type="fig"}). Compared to control plants, the Mo content in emerged leaves ([Fig 4C](#pone.0166910.g004){ref-type="fig"}) was increased by 197% and 84% after 7 and 28 days of S deprivation, respectively. The increase in Mo content was even more pronounced in new emerging leaves ([Fig 4D](#pone.0166910.g004){ref-type="fig"}) where it increased by 637% and 253% after 7 and 28 days of S deprivation, respectively. In these two groups of leaves, the \[Mo\]:\[S\] ratio ([Fig 4E and 4F](#pone.0166910.g004){ref-type="fig"}) strongly increased with time in S-deprived plants and remained at a constant level in control plants. Indeed, there was significant increase of 45% in the \[Mo\]:\[S\] ratio in emerged leaves ([Fig 4E](#pone.0166910.g004){ref-type="fig"}) after the first day of S deprivation and after 28 days this increase reached 1256%. At the same time, the \[Mo\]:\[S\] ratio in new emerging leaves ([Fig 4F](#pone.0166910.g004){ref-type="fig"}) was also increased by 3158% in S-deprived plants. The \[Mo\] and \[S\] changes on the whole plant level are thus driven by changes in both emerged and new emerging leaves.

![Kinetic of (A-B) S and (C-D) Mo contents (mg g^-1^ DW) and (E-F) the \[Mo\]:\[S\] ratio in emerged (on the left) and new emerging (on the right) leaves of *B*. *napus* from control (+S, black line) or S-deprived (-S, dashed line) plants.\
Data are given as the mean ± s.e. (n = 4). \*, \*\* and \*\*\* indicate significant differences between control and S-deprived plants for *P*\<0.05, *P*\<0.01 and *P*\<0.001, respectively.](pone.0166910.g004){#pone.0166910.g004}

Under field conditions, lower S availability increased leaf Mo content and hence the \[Mo\]:\[S\] ratio {#sec015}
-------------------------------------------------------------------------------------------------------

The S content, Mo content and the \[Mo\]:\[S\] ratio were also quantified in mature ([Fig 5](#pone.0166910.g005){ref-type="fig"}) and young leaves ([S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}) of oilseed rape grown under field conditions, 15, 47 and 60 days after S fertilization. To simplify reading, only the data after 47 days are presented because the results obtained at 60 days showed similar trends. Sulfur content ([Fig 5A--5C](#pone.0166910.g005){ref-type="fig"}) was decreased significantly in mature leaves by a reduction in S fertilization (from 36, 12 to 0 kg S ha^-1^), whatever the level of N fertilization (65 or 125 kg N ha^-1^). The highest Mo content ([Fig 5D and 5F](#pone.0166910.g005){ref-type="fig"}) was found in mature leaves of plants receiving N fertilization and with no or low S fertilization (0 or 12 kg S ha^-1^). The \[Mo\]:\[S\] ratio ([Fig 5G--5I](#pone.0166910.g005){ref-type="fig"}) differentiated the plots according to S fertilization: 0, 12 and 36 kg S ha^-1^. Indeed, mature leaves of plants with N fertilization (65 or 125 kg N ha^-1^) and without S had the highest \[Mo\]:\[S\] ratio, whereas mature leaves of plants with 36 kg S ha^-1^ had the lowest \[Mo\]:\[S\] ratio and mature leaves of plants with 12 kg S ha^-1^ had an intermediate \[Mo\]:\[S\] ratio. The same trends were also found in young leaves ([S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}) but the effect of S fertilization on the \[Mo\]:\[S\] ratio was slightly higher in mature leaves.

![(A, B, C) S content (mg g^-1^ DW), (D, E, F) Mo content (μg g^-1^ DW) and (G, H, I) the \[Mo\]:\[S\] 10^4^ ratio (to simplify reading the \[Mo\]:\[S\] ratio is presented with a multiplier factor of 10^4^) in mature leaves of *B*. *napus* grown under field conditions after (A, D, G) 15 and (B, C, E, F, H, I) 47 days of fertilization.\
Plants received no mineral fertilization (hatched bars, 0 kg S.ha^-1^, 0 kg N.ha^-1^), or 0 kg S ha^-1^ (white bar), 12 kg S ha^-1^ (gray bar) or 36 kg S ha^-1^ (black bar) with 65 kg N ha^-1^ (dashed bars) or 125 kg N ha^-1^ (full bars). Within the same graph, letters when different between fertilization treatments indicate significant differences for *P*\<0.05.](pone.0166910.g005){#pone.0166910.g005}

Interactions between N and S fertilization were also found. It can be assumed that the growth rate was mostly dependent on the N fertilization rate. For example, 15 days after S fertilization, the biomass of mature leaves was 5.03 ± 0.38 g DW leaf^-1^ in unfertilized plot (N0S0) whereas in plot with 65 kg N ha^-1^ and 0 kg S ha^-1^ (N65S0) the biomass was 6.70 ± 0.01 g DW leaf^-1^ (*P\<*0.01). The supply of N mineral fertilization had a direct negative consequence on S content in leaves as a result of the increased growth rate. Indeed, without S supply, N fertilization significantly reduced the leaf S content after 15 days ([Fig 5A](#pone.0166910.g005){ref-type="fig"}, N0S0 versus N65S0) or after 47 days ([Fig 5C](#pone.0166910.g005){ref-type="fig"}, N0S0 versus N125S0). Consequently, the Mo content in leaves was increased by N fertilization of 65 ([Fig 5E](#pone.0166910.g005){ref-type="fig"}, N0S0 versus N65S0 or N65S12) or 125 kg.N ha^-1^ ([Fig 5F](#pone.0166910.g005){ref-type="fig"}, N0S0 versus N125S0). As a result, the \[Mo\]:\[S\] ratio was significantly lower ([Fig 5G, 5H or 5I](#pone.0166910.g005){ref-type="fig"}) in the absence of N mineral fertilization in mature leaves (N0S0), than in N fertilized plots with no S (N65S0 in [Fig 5H](#pone.0166910.g005){ref-type="fig"} and N125S0 in [Fig 5I](#pone.0166910.g005){ref-type="fig"}), therefore reflecting lower S requirements of plants without N fertilization.

In the same way, plant growth was stimulated by a second N fertilization of 60 kg N ha^-1^ (corresponding to plots with 125 kg N ha^-1^) and the relative S content in mature leaves was reduced. For example, when comparing [Fig 5B and 5C](#pone.0166910.g005){ref-type="fig"}, the S content in mature leaves of plants with 125 kg N ha^-1^ was significantly lower (*P*\<0.05) than for plants with 65 kg N ha^-1^ and for a given level of S fertilization (0, 12 or 36 kg S ha^-1^). In contrast, the N fertilization rate had no significant effect on the Mo content of mature leaves ([Fig 5E](#pone.0166910.g005){ref-type="fig"} compared to [Fig 5F](#pone.0166910.g005){ref-type="fig"}). As a result, when comparing mature leaves of plants receiving 125 kg N ha^-1^ ([Fig 5I](#pone.0166910.g005){ref-type="fig"}) to 65 kg N ha^-1^ ([Fig 5H](#pone.0166910.g005){ref-type="fig"}), the \[Mo\]:\[S\] ratio was higher in leaves of plants with a higher N fertilization, regardless of the rate of S fertilization, which also reflected the higher requirement for S of N fertilized plants.

Threshold values of the \[Mo\]:\[S\] ratio were then determined 15 days after S fertilization, corresponding to development stage in mature leaves of oilseed rape before flowering, to conclude whether or not S fertilization was required. Threshold values of the \[Mo\]:\[S\] ratio were adjusted by factor 10^4^ and calculated as the sum or difference between the means of data presented in [Fig 5G](#pone.0166910.g005){ref-type="fig"} and the 95% confidence intervals for S sufficient plots (36 kg S ha^-1^, 1.63) and of S deficient plots (0 kg S ha^-1^, 2.83), respectively. Such thresholds would allow clustering of the plots into three groups: S sufficient (ratio \<1.61), at risk of S deficiency (ratio between 1.61 and 2.83) and S deficient (ratio \>2.83). This classification into three groups has been tested on 45 commercial oilseed rape crops from different locations in France and for which mature leaves were harvested before flowering and S fertilization ([Fig 6](#pone.0166910.g006){ref-type="fig"}). The use of these threshold values suggested that 18, 24 and 58% of the crops were classified as S sufficient, at risk of S deficiency and S deficient, respectively. Because it was previously found that S deprivation strongly decreased N, K, Ca, B and Na uptake under hydroponic conditions ([Fig 2](#pone.0166910.g002){ref-type="fig"}), a principal component analysis was performed using the mineral composition of old leaves of theses 45 commercial oilseed rape crops ([S3 Fig](#pone.0166910.s003){ref-type="supplementary-material"}). While an inverse relationship between Mo and S contents in old leaves was retrieved, other relationships between S and other minerals found under hydroponic conditions, were partly (S and N) or totally hidden (S and Ca) due to multiple interactions occurring under field conditions.

![Classification of 45 commercial oilseed rape crops from different locations in France (see [S1 Fig](#pone.0166910.s001){ref-type="supplementary-material"}) according to their \[Mo\]:\[S\] 10^4^ ratio in mature leaves quantified before flowering and S fertilization.\
Threshold values of the \[Mo\]:\[S\] 10^4^ ratio classified these oilseed rape crops into three S status groups: S deficient, at risk of S deficiency and S sufficient plants.](pone.0166910.g006){#pone.0166910.g006}

Test of genericity of the \[Mo\]:\[S\] ratio as S-deficiency indicator {#sec016}
----------------------------------------------------------------------

The \[Mo\]:\[S\] ratio was calculated in leaves of other cultivated species: *B*. *oleracea*, *T*. *aestivum*, *Z*. *mays*, *P*. *sativum* and *S*. *lycopersicum*, grown in controlled conditions. In all species, S content was significantly reduced and Mo content was significantly increased by S deficiency ([Table 3](#pone.0166910.t003){ref-type="table"}). For example, in *B*. *napus* the Mo content increased as early as 1 day after deprivation, in *T*. *aestivum* as early as 2 days and in *Z*. *mays* as early as 5 days of S deficiency, whereas the S content was reduced later. Consequently, the \[Mo\]:\[S\] ratio was highly and significantly increased by S deficiency following 1 day of treatment in *B*. *napus*, 2 days in *T*. *aestivum*, 5 days in *Z*. *mays* and this rise was amplified over time. For *B*. *oleracea*, *P*. *sativum* and *S*. *lycopersicum*, no early harvest was performed, but significant increases in leaf Mo content and in the \[Mo\]:\[S\] ratio were found after 20, 19 and 65 days, respectively. Values of the \[Mo\]:\[S\] ratio were species-dependent, with values ranging from 3 to 250 in control plants and from 27 to 5934 in S-deprived plants, as a result of a high accumulation of Mo in *B*. *napus*, *T*. *aestivum* and in *Z*. *mays*.

10.1371/journal.pone.0166910.t003

###### Sulfur content (mg g^-1^ DW) and Mo content (μg g^-1^ DW) and the \[Mo\]:\[S\] ratio in leaves of *B*. *napus*, *B*. *oleracea*, *T*. *aestivum*, *Z*. *mays*, *P*. *sativum* and *S*. *lycopersicum* following different S treatments (+S: control treatment, -S: S deficiency treatment) to plants grown under controlled conditions (given in [S1 File](#pone.0166910.s004){ref-type="supplementary-material"}).

![](pone.0166910.t003){#pone.0166910.t003g}

  Species                   Days after -S treatment   S (mg g^-1^ DW)                                        Mo (μg g^-1^ DW)                                       Ratio \[Mo\]:\[S\].10^4^                                                                                                                                                       
  ------------------------- ------------------------- ------------------------------------------------------ ------------------------------------------------------ --------------------------------------------------------- -------------------------------------------------------- ----------------------------------------------------------- ---------------------------------------------------------
  ***B*.*napus***           0                         10.33 ± 0.46                                           154.6 ± 10.16                                          149.7 ± 7.34                                                                                                                                                                   
  1                         10.3 ± 0.39               9.7 ± 0.56                                             175.3 ± 6.87                                           237.0 ± 7.70 [\*\*\*](#t003fn002){ref-type="table-fn"}    170.2 ± 1.12                                             247.4 ± 18.67 [\*\*](#t003fn002){ref-type="table-fn"}       
  21                        15.2 ± 0.39               2.3 ± 0.14                                             308.5 ± 14.02                                          617.8 ± 40.08 [\*\*\*](#t003fn002){ref-type="table-fn"}   202.2 ± 6.52                                             2660.4 ± 91.28 [\*\*\*](#t003fn002){ref-type="table-fn"}    
  ***B*. *oleracea***       20                        4.8 ± 0.46                                             1.9 ± 0.04 [\*\*\*](#t003fn002){ref-type="table-fn"}   4.0 ± 0.21                                                5.0 ± 0.16 [\*\*](#t003fn002){ref-type="table-fn"}       8.4 ± 0.49                                                  26.5 ± 1.16 [\*\*\*](#t003fn002){ref-type="table-fn"}
  ***T*. *aestivum***       2                         3.6 ± 0.18                                             3.4 ± 0.22                                             90.2 ± 9.43                                               201.5 ± 7.72 [\*\*\*](#t003fn002){ref-type="table-fn"}   249.5 ± 18.17                                               584.4 ± 24.95 [\*\*\*](#t003fn002){ref-type="table-fn"}
  8                         3.5 ± 0.06                3.1 ± 0.00 [\*\*](#t003fn002){ref-type="table-fn"}     85.1 ± 1.23                                            719.9 ± 36.62 [\*\*\*](#t003fn002){ref-type="table-fn"}   245.3 ± 5.56                                             2306.2 ± 110.52 [\*\*\*](#t003fn002){ref-type="table-fn"}   
  24                        3.4 ± 0.02                1.8 ± 0.05 [\*\*\*](#t003fn002){ref-type="table-fn"}   79.8 ± 2.08                                            977.1 ± 32.63 [\*\*\*](#t003fn002){ref-type="table-fn"}   236.7 ± 5.58                                             5285.3 ± 236.13 [\*\*\*](#t003fn002){ref-type="table-fn"}   
  ***Z*. *mays***           0                         2.82 ± 0.10                                            22.6 ± 0.85                                            80.2 ± 1.54                                                                                                                                                                    
  5                         3.0 ± 0.03                2.1 ± 0.13 [\*\*\*](#t003fn002){ref-type="table-fn"}   24.7 ± 0.48                                            468.2 ± 28.15 [\*\*\*](#t003fn002){ref-type="table-fn"}   80.9 ± 0.82                                              2224.1 ± 72.16 [\*\*\*](#t003fn002){ref-type="table-fn"}    
  18                        2.4 ± 0.05                0.9 ± 0.04 [\*\*\*](#t003fn002){ref-type="table-fn"}   27.9 ± 1.65                                            562.6 ± 34.46 [\*\*\*](#t003fn002){ref-type="table-fn"}   116.7 ± 5.06                                             5934.4 ± 137.28 [\*\*\*](#t003fn002){ref-type="table-fn"}   
  ***P*. *sativum***        0                         2.75 ± 0.09                                            20.5 ± 4.22                                            73.8 ± 12.95                                                                                                                                                                   
  19                        2.7 ± 0.10                2.2 ± 0.14 [\*](#t003fn002){ref-type="table-fn"}       9.4 ± 0.50                                             12.5 ± 0.34 [\*\*](#t003fn002){ref-type="table-fn"}       34.5 ± 0.67                                              57.6 ± 5.58 [\*\*](#t003fn002){ref-type="table-fn"}         
  ***S*. *lycopersicum***   65                        10.1 ± 0.71                                            1.8 ± 0.27 [\*\*\*](#t003fn002){ref-type="table-fn"}   2.9 ± 0.03                                                5.1 ± 0.82 [\*](#t003fn002){ref-type="table-fn"}         2.9 ± 0.21                                                  27.9 ± 1.96 [\*\*\*](#t003fn002){ref-type="table-fn"}

Data are given as the mean ± SE (n = 4 or n = 3 for *P*. *sativum* data).

\*, \*\* and \*\*\* indicate significant differences between control and S-deprived plants for *P*\<0.05, *P*\<0.01 and P\<0.001, respectively.

Discussion {#sec017}
==========

Perturbations of Mo homeostasis by non-specific transport of molybdate and sulfate {#sec018}
----------------------------------------------------------------------------------

It is usually assumed that plant nutrient contents are tightly regulated through balanced activities of membrane transporters that mediate the uptake and distribution of nutrients so that a relative compositional homeostasis is maintained. However, under deficiencies, crosstalk induces unavoidable accumulations of some nutrients that upsets the balance and modifies the ionomic composition of plant tissues \[[@pone.0166910.ref023]\]. In our study, among all mineral nutrients, only Mo uptake was strongly increased by S deficiency in *B*. *napus* ([Fig 2](#pone.0166910.g002){ref-type="fig"}) leading to its accumulation in leaves ([Fig 3B](#pone.0166910.g003){ref-type="fig"}). From the first day of S deprivation, the Mo content was dramatically increased by 128% in S-deprived plants relative to plants continuously supplied with S. This accumulation of Mo in response of S deficiency has previously been reported in *Brassicaceae* species. Schiavon *et al*. \[[@pone.0166910.ref007]\] reported that S deficient *B*. *juncea* accumulated significantly more Mo than control plants. Conversely, the supply of S significantly decreased the uptake of Mo by *B*. *oleracea* \[[@pone.0166910.ref029]\], *B*. *juncea* \[[@pone.0166910.ref028]\] and by *B*. *napus* \[[@pone.0166910.ref027]\].

Two root membrane molybdate transporters have been reported so far as responsible for Mo uptake in plants: MOT1 \[[@pone.0166910.ref022]\] and ASY \[[@pone.0166910.ref026]\]. In our study, under S deprivation, the expression of *BnaMot1* and *BnaAsy* remained similar to control plants ([Fig 3D](#pone.0166910.g003){ref-type="fig"}) and consequently, it may be assumed that the increase in Mo uptake was not a result of an induction of these specific Mo transporters. This is consistent with previous work reporting that root *TaeMot1* expression in *T*. *aestivum* was not significantly affected by S deficiency despite increased concentration of Mo in plant tissues \[[@pone.0166910.ref006]\]. Indeed, the involvement of MOT1 in plant Mo uptake remains unclear as although *Arabidopsis mot1* mutants and accessions with lower expression of *MOT1* accumulate less Mo, recent results established the localization of MOT1 in mitochondria \[[@pone.0166910.ref023]\] and not in plasma membranes and in vesicle membranes as previously proposed \[[@pone.0166910.ref022]\]. Alternatively, some authors have suggested that the accumulation of Mo could be due to non-specific transport by sulfate carriers \[[@pone.0166910.ref007]\]. Indeed, molybdate and sulfate through their similar chemical properties (charge, size, structure, bonding-properties) could compete for the same binding sites \[[@pone.0166910.ref009], [@pone.0166910.ref010]\]. In our results, others genes (*BnaSutr1*.*1* and *BnaSultr 1*.*2*) encoding high-affinity sulfate transporters of group 1 have been studied in order to clarify their ability to also transport molybdate. The increased uptake of Mo in S-deprived plants was strongly correlated with an increase in *BnaSultr1*.*1* expression at least during the first 7 days ([Fig 3D](#pone.0166910.g003){ref-type="fig"}). Similarly, in *T*. *aestivum*, under S deficiency expression of genes encoding the sulfate transporters, *TaeSultr1*.*1* and *TaeSultr4*.*1*, increased and coincided with a 3.7 fold increase in Mo contents in grain \[[@pone.0166910.ref006]\]. Considering the relationships between Mo uptake and the expression of *BnaSultr1*.*1* ([Fig 3D](#pone.0166910.g003){ref-type="fig"}), single mutants of *Arabidopsis thaliana* were used to determine the role of *AtSultr1*.*1* and *AtSultr1*.*2* in the stimulated uptake of Mo during S deficiency ([Table 2](#pone.0166910.t002){ref-type="table"}). Only in the *sultr1*.*2* mutant, the Mo accumulation was reduced compared to Col-0 wildtype under both control and S deficiency conditions, suggesting that this transporter is partly involved in root Mo uptake while increased transcription of *At Sultr1*.*1* could be additionally involved in the leaf accumulation of Mo. However, the *sultr1*.*1* mutant retained the capacity for increased Mo uptake under S deficiency, without increased expression of *AtSultr1*.*2* gene ([Table 2](#pone.0166910.t002){ref-type="table"}). This suggests that others root transporters, responding to S deficiency, may be involved or that activity of root sulfate transporters is also strongly regulated at the post-transcriptional level. Data on a double KO mutant for *atsultr1;1* and *atsultr1;2* can be found on the Purdue ionomics information management system (See \[[@pone.0166910.ref042]\] and <http://www.ionomicshub.org/arabidopsis/piims/showIndex.action>) as well as \[[@pone.0166910.ref043]\]. In this mutant, S and Mo contents are reduced compared to the wild type, suggesting that these two transporters could be involved in the uptake of S and Mo. Therefore, the overall results suggest that a very early increase in Mo uptake following S deprivation is, at least partly, a consequence of the strong and early increased expression of *Sultr1*.*1* and *AtSultr1*.*2* encoding root sulfate transporters.

A potential indicator derived from early molecular events {#sec019}
---------------------------------------------------------

Under field conditions, the Mo and S contents also changed in opposite ways in leaves of plants submitted to different S fertilization rates. The lowest Mo contents were found in leaves of plants with the highest S fertilization that had the highest S content. Reciprocally, the highest Mo and lowest S contents were found in leaves of plants supplied with the lowest S fertilizations ([Fig 5A--5F](#pone.0166910.g005){ref-type="fig"} and [S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}). Similar low Mo content in leaves in S fertilized plants and a range of leaf concentrations (*i*.*e*. between 1 and 3 μg g^-1^ DW) have been previously reported in oilseed rape plants \[[@pone.0166910.ref027]\] and in cabbage \[[@pone.0166910.ref029]\] under field conditions. However, the leaf Mo contents obtained in our field experiment were lower than those found under hydroponic conditions. This can easily be explained by the fact that the Mo concentration in the nutrient solution was far higher than in the soil solution, nevertheless, the trend of Mo accumulation during S deficiency was similar. Because of the opposing variations in leaf S and Mo contents, the \[Mo\]:\[S\] ratio was lower in plants with an optimal S fertilization than in plants with reduced S fertilization ([Fig 5G--5I](#pone.0166910.g005){ref-type="fig"} and [S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}). In our study, the \[Mo\]:\[S\] ratio therefore discriminated different rates of S fertilization and revealed the S status of plants.

It was also found that the increase in plant growth rates that were triggered by N fertilization increased plant S requirements, resulting in a decrease in the S content in oilseed rape leaves under field conditions ([Fig 5A--5C](#pone.0166910.g005){ref-type="fig"} and [S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}) as previously reported \[[@pone.0166910.ref044]\]. A second N fertilization (60 kg ha^-1^) had no major impact on the Mo content of leaves, while the leaf Mo content was lower in N unfertilized plants ([Fig 5E](#pone.0166910.g005){ref-type="fig"} compared to [Fig 5F](#pone.0166910.g005){ref-type="fig"} and [S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}). This lower Mo accumulation found in unfertilized plants could be explained by a reduced growth rate and thus by lower S requirements. As a consequence, N fertilization could interfere in the evolution of the \[Mo\]:\[S\] ratio. Indeed, a supplementary N fertilization increased the \[Mo\]:\[S\] ratio and the total lack of N fertilization decreased the \[Mo\]:\[S\] ratio ([Fig 5H and 5I](#pone.0166910.g005){ref-type="fig"} and [S2 Fig](#pone.0166910.s002){ref-type="supplementary-material"}). Nevertheless, this ratio still allowed differentiation of the plots with different rates of S fertilization.

To allow the effective use of the \[Mo\]:\[S\] ratio under field conditions, threshold values are required to estimate the S status of oilseed rape crops, and a first estimation has been calculated from a field experiment using different levels of S fertilization. According to these threshold values, three S status groups were defined: S deficient, at risk of S deficiency and S sufficient, with the additional intermediate class taking into account the area of uncertainty. The study of 45 commercial oilseed rape crops in France suggested that more than 50% were potentially S deficient ([Fig 6](#pone.0166910.g006){ref-type="fig"}), highlighting the need for optimizing S fertilization practices. However, more accurate determination of \[Mo\]:\[S\] ratio threshold values would require a larger set of experiments during which S fertilization would need to be modulated and the effects on seed yield and quality monitored.

Because oilseed rape is well known for its high S requirements, other cultivated species such as *B*. *oleracea*, *T*. *aestivum*, *Z*. *mays*, *P*. *sativum* and *S*. *lycopersicum* have been tested ([Table 3](#pone.0166910.t003){ref-type="table"}) for their response to S deficiency. In all of them, the leaf \[Mo\]:\[S\] ratio was significantly increased by reduced S availability, as a result of a decrease in leaf S content coupled with an accumulation of Mo. The same was true for all three *Arabidopsis* genotypes ([Table 2](#pone.0166910.t002){ref-type="table"}). The general response pattern can also be supported by results from the literature with the same or different species, for example, globe amaranth (*Gomphrena globosa*) \[[@pone.0166910.ref045]\], cabbage \[[@pone.0166910.ref029]\], wheat \[[@pone.0166910.ref006]\] and tomato \[[@pone.0166910.ref011]\]. A decrease in the \[Mo\]:\[S\] ratio resulting from an inadequate S supply seems to be a general response of higher plants, whatever their intrinsic requirements for S.

Overall, the analysis of the leaf \[Mo\]:\[S\] ratio is a practical alternative to detect early S deficiency under field conditions, given that molecular indicators require laboratory analysis and use of control plants, which are not easily performed under field conditions. Alternatively, new breakthrough technologies using X ray fluorescence or laser metal analysis, also available as portable field tools, would allow an easy quantification of the \[Mo\]:\[S\] ratio.

Supporting Information {#sec020}
======================

###### Location of 45 commercial crops in France.

Location of 45 commercial crops in Francewith crops classified into three S status groups: S deficient in red, at risk of S deficiency in orange and S sufficient in green. Map of France from Institut Géographique National (IGN, 2016, free of copyrights).

(TIF)

###### 

Click here for additional data file.

###### S and Mo contents and \[Mo\]:\[S\] ratio in young leaves grown under field conditions.

(A, B, C) S content (mg g^-1^ DW), (D, E, F) Mo content (μg g^-1^ DW) and (G, H, I) the \[Mo\]:\[S\] 10^4^ ratio (to simplify reading the \[Mo\]:\[S\] ratio is presented with a multiplier factor of 10^4^) in young leaves of *B*. *napus* grown under field conditions after (A, D, G) 15 and (B, C, E, F, H, I) 47 days of fertilization. Plants received no mineral fertilization (hatched bars, 0 kg S.ha^-1^, 0 kg N.ha^-1^), or 0 kg S ha^-1^ (white bar), 12 kg S ha^-1^ (grey bar) or 36 kg S ha^-1^ (black bar) with 65 kg N ha^-1^ (dashed bars) or 125 kg N ha^-1^ (full bars). Within the same graph, letters when different between fertilization treatments indicate significant differences for *P*\<0.05.

(TIF)

###### 

Click here for additional data file.

###### Principal component analysis of mineral contents (N, P, K, S, Ca, Mg, Fe, Cu, Zn, Mn, Mo, B and Na) in old leaves of 45 commercial oilseed rape crops.

Correlation circles on the factorial planes (A) and (B) projection of the commercial crops (numbers refer to fields/crops given in [Fig 6](#pone.0166910.g006){ref-type="fig"} and SD2). S deficient in red, at risk of S deficiency in orange and S sufficient in green.

(TIF)

###### 

Click here for additional data file.

###### Growth conditions used for multispecies experiment.

(DOCX)

###### 

Click here for additional data file.

###### Composition of the two nutrient solutions used for control and S deprivation during the treatment period of *B*. *napus and Z*. *mays*.

Nutrient concentrations are expressed in mM.

(PPTX)

###### 

Click here for additional data file.
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